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Global demographic trends are coalescing around an unprece-
dented milestone in human history: It is estimated that by 2020,
people over age 60 will for the first time outnumber children
under the age of 5 years old.1 Global fertility rates have fallen by
half over the last half-century from an average of 5 children per
woman in 1960 to 2.5 today.2 In addition, major advances against
what were once the world’s top killers—infectious diseases and
acute threats to child and maternal health—are allowing more
people to live longer than ever before.3

This demographic shift has sparked growing interest in how
people age and, in particular, their capacity for what those in the
geriatrics field call “successful aging”—with vitality, resilience,
and good health. Seen this way, the number of years lived is not
as important as how many of those years can be lived free of dis-
ease and disability.4,5

Premature declines in cognitive and physical functioning pose
threats to successful aging, and mounting evidence indicates that
environmental exposures may play a part in such declines.6,7,8,9

Yet older adults have been long understudied in environmental
health.10 In addition, toxicologists rarely test chemicals in older ani-
mals, so mechanistic insights into their effects on aging bodies are

limited. That’s raising concerns that the world’s fastest-growing de-
mographic group may be insufficiently protected from environmen-
tal exposures that younger adults more readily tolerate.

“Without hesitation, I can say that the published literature on
environmental chemicals and their effects on older people and the
aging process is extremely limited,” says Wayne Cascio, director
of the Environmental Protection Agency’s (EPA) National Health
and Environmental Effects Laboratory. “If we want to see more
people age successfully, then we need to get a better handle on how
specific toxicants advance the aging process, either alone or in
combination. And we need to understand how the mix of toxicants,
underlying clinical conditions, and social aspects of aging contrib-
ute[s] to adverse outcomes.”

Air Pollution and Dementia
A growing body of evidence suggests that certain air pollutants
may cause or accelerate age-related diseases. Exposure to fine
particulate matter (PM2:5) has been implicated in the incidence
of dementia,11 which is one of the most burdensome age-related
chronic conditions confronting society today. Dementia is a

“Successful aging” means retaining vitality, resilience, and good health throughout one’s later years. As the global population shifts toward more older
people than children, investigators want to understand the environmental and genetic factors that influence how “successfully” an individual ages.
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syndrome reflecting diminished memory, reasoning, speech,
and other cognitive functions. It afflicts an estimated 47 million
people globally, a number that is projected to increase to 75
million by 2030.12

According to Gali Cohen, a PhD candidate in epidemiology at
Tel Aviv University, most research on aging comes from higher-
income countries. Yet, by 2050 an estimated 80% of people over
age 60 will live in low- and middle-income countries,1 where air
pollutant levels often exceed World Health Organization guide-
lines.13 Many of these countries are struggling already with a rise
in age-related noncommunicable diseases such as heart and lung
disease,14 some of which are caused or exacerbated by environ-
mental agents.15

Linda Fried, dean of Columbia University’s Mailman School
of Public Health, points out that dementia rates are falling among
educated, wealthier people in the developed world—who have
benefited from healthier environments and health-promoting
resources over their lives—while continuing to rise in the devel-
oping world.16 “That tells me that a significant proportion of de-
mentia is preventable,” she says.

Fried suggests that rising dementia rates in poorer countries may
result in part from toxic effects of air pollutants, and emerging evi-
dence supports that view. In 2018, for instance, researchers reported
an association between declines in scores on word-recognition tests
and higher estimated cumulative exposure to air pollution in
Chinese cities.17 The declines were greatest in men in the 65+ age
group with the lowest levels of education. Study coauthor Xi Chen,
an assistant professor at the Yale School of Public Health in New

Haven, Connecticut, says that’s possibly because men with the low-
est levels of education in China are more likely to work outside and
breathe polluted outdoor air formany hours a day.

The evidence on cognitive effects from air pollution is not sex-
specific, however. A 2016 study by a different research team drew
from the Women’s Health Initiative Memory Study, a long-term
clinical trial of U.S. women age 65 and older. The researchers esti-
mated that participants had nearly twice the risk of dementia if their
average PM2:5 exposure levels exceeded the EPA standard of
12lm=m3 in the preceding 3 years.18 The risk was highest among
women with two copies of a gene allele called APOE e4, which is
an established inherited risk factor for Alzheimer’s disease.19

An animal experiment described in the same paper18 gener-
ated complementary findings. In that case, female transgenic
mice expressing the APOE e4 allele were exposed to ultrafine air-
borne particles in the laboratory. After 15 weeks of exposure,
their brains had accumulated high levels of the same amyloid
proteins found in human Alzheimer’s disease patients.

Jiu-Chiuan Chen, an associate professor of preventative medi-
cine and neurology at the University of Southern California, Los
Angeles, led the human part of that study. He says the findings
are alarming in light of the fact that more and more of the world’s
elderly are living in cities, where traffic emissions contribute to
poor air quality.20

However, the underlying toxic mechanisms by which air pollu-
tion might accelerate cognitive declines remain unclear. Scientists
have for years debated various hypotheses: Some experts blame
pollution-induced heart disease and commensurate changes in the

It is estimated that four-fifths of the global over-60 population will live in low- and middle-income countries by 2050. Dementia rates are already on the rise in
poorer countries. One reason may be chronic exposure to air pollutant levels in these countries, which often exceed World Health Organization guidelines.13

Image: © iStockphoto/photojournalis.

Environmental Health Perspectives 102001-2 127(10) October 2019



brain’s vasculature. Others hypothesize that airborne particles enter
the brain directly through nerve connections in the olfactory system,
and then cause damaging neuroinflammation.8 “The bottom line is
we still do not know,” says Jennifer Weuve, an associate professor
of epidemiology at BostonUniversity in Boston,Massachusetts.

Air Pollution and Frailty
The evidence connecting air pollution with frailty is even more
limited. Studies are complicated by the fact that frailty does not
have a widely accepted clinical definition. One study described it
as “a dynamic state affecting an individual who experiences losses
in one or more domains of human functioning (physical, psycho-
logical, and social), which is caused by the influence of a range of
variables and which increases the risk of adverse outcomes.”21
The severity of frailty is assessed with a variety of diagnostic
tools which reflect different definitions for the condition.22

One of these tools is a frailty phenotype that was proposed
and validated in 2001 by Columbia’s Fried and colleagues. In
this phenotype at least 3 of 5 criteria must be present: uninten-
tional loss of more than 10 pounds, self-reported exhaustion,
weak grip strength, slow walking speed, and low physical activ-
ity. Another is the 7-point Clinical Frailty Scale published in
2005 by Kenneth Rockwood, a professor of geriatric medicine
at Dalhousie University in Halifax, Nova Scotia, Canada.23

That scale assigns frailty scores according to a person’s activity
levels, the presence or absence of comorbidities (coexisting
chronic diseases), and dependence on others for care. Ursula

Staudinger, a professor at the Robert N. Butler Columbia Aging
Center at Columbia University in New York explains that the
frailty phenotype reflects a specific geriatric syndrome, whereas
the Clinical Frailty Scale measures multimorbidity.

Frail people have weakened physical and cognitive reserves,
and that puts them at high risk of falls, disability, hospitalization,
and disability.24 A review of frailty studies using a variety of defi-
nitions estimated a prevalence of approximately 10% among peo-
ple over age 60 and up to half of all people over age 85.25

One of the few studies that have looked at how outdoor air pol-
lution affects scores on the Clinical Frailty Scale was published in
2013.26 The analysis looked at 1,120 older individuals who had
survived a heart attack 10–13 years earlier. In the years since
their heart attack, patients exposed to higher estimated PM2:5
levels over a representative 2-year exposure period were more
likely to have become frail than their less-exposed counterparts,
after adjusting for clinical confounders. In separate papers, the
same researchers reported a stronger association between air
pollution and mortality during follow-up among frail heart
attack patients in comparison with nonfrail patients.27,28

The frailty phenotype was used in a 2012 study of air pollu-
tion and lung function among nearly 3,400 older Americans.29 In
that study, investigators found a stronger association between ex-
posure to air pollutants and poor lung function in frail older peo-
ple in comparison with more-robust participants.

Scientists have also linked frailty—as defined by the frailty
phenotype—with exposures to lead, with the most pronounced
features seen in women with osteoporosis. Lead accumulates in

Up to half of all people over age 85 show symptoms of frailty,25 but the condition itself does not have a widely accepted clinical definition. One proposed defi-
nition is the so-called frailty phenotype, which is characterized by unintentional weight loss, exhaustion, weakness, slow walking speed, and low levels of
physical activity. Image: © iStockphoto/Willowpix.
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the skeleton and then reenters the blood stream when bones
demineralize. In a 2015 report,30 researchers hypothesized that
lead and/or cadmium exposures might contribute to frailty.
According to their analysis of data from the third U.S. National
Health and Nutrition Examination Survey, adults over the age of
60 with higher blood lead levels were more prone to exhaustion,
weakness, and slowness than those with lower levels.

Biological Aging
Dementia and frailty are both clinically obvious age-related condi-
tions. However, researchers say additional insights can be gleaned

from how environmental agents affect subclinical markers of bio-
logical aging.

Chronological age, or the number of years lived, differs from
biological age, which incorporates risk factors for future disease
and early death.31 Being at risk of a fatal disease makes someone
biologically older than their chronological age would indicate;
however, very few studies so far have looked into how environ-
mental exposures act on specific markers of biological age.

A seminal paper published in 2013 enumerated nine such
markers, or “hallmarks of aging”: genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, cellular senescence,

In 2013 investigators identified nine cellular and molecular changes that characterize the aging process in different organisms, especially in mammals.
Identifying these “hallmarks of aging” could inform future studies that improve our understanding of the mechanisms that underlie aging. Image: López-Otín
et al. (2013).32
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stem cell exhaustion, and altered intercellular communication.32

Each of the markers, the authors wrote, contributes to a “progres-
sive loss of physiological integrity, leading to impaired function
and increased vulnerability to death.”

Staudinger emphasizes that no single marker has yet been
shown to drive biological aging independently, though scientists
have tried for years to find one in a hunt that she likens to a
search for the Holy Grail. Instead, Staudinger says, multiple
markers drive the aging process as part of a larger puzzle.

Among them, telomere length attracted much of the initial
research interest. Telomeres are stretches of DNA lining the ends of
chromosomes, and their length decreases with each cell division.
Excessive telomere shortening has been cited as a cause of genomic
instability and is a risk factor for heart disease and other age-related
health problems.33 In a 2016 study of 166 nonsmoking older adults,
investigators reported that telomere length was inversely associated
with estimated annual residential exposures to PM2:5.34 However,
Staudinger says the overall evidence linking telomere shortening
with biological aging in humans is inconsistent.

More recently, epigenetic factors that may accelerate aging
have begun to gain attention. Epigenetic changes alter gene expres-
sion in ways that do not accord with their nucleotide sequences,
and they often result from methyl groups accumulating on DNA
over time. These methylation patterns correlate with various dis-
ease states, and they can be measured in a number of ways. Steve
Horvath, a professor of human genetics and biostatistics at the
University of California, Los Angeles, developed an “epigenetic
aging clock” to calculate a measure called DNA methylation age

(DNAm age), also known as epigenetic age, which is in turn based
on methylation patterns specific to a set of 353 CpG sites on
DNA.35 These sites selectively gain or lose methyl groups in
response to environmental stress.

According toHorvath, DNAmage “predicts life span even after
adjusting for chronological age, sex, smoking, and other mortality
risk factors.”He says themost recent versions of epigenetic clocks,
such as DNAmGrimAge, are particularly strong predictors of time
to death, time to coronary heart disease, time to cancer, and number
of comorbidities.36

After demonstrating that DNAm age can also predict frailty
and other age-related conditions,37,38,39 researchers are now be-
ginning to study how the measure varies with environmental
exposures among older adults. The first such investigation, led by
Jamaji Nwanaji-Enwerem, an MD-PhD candidate at Harvard
University in Boston, Massachusetts, measured epigenetic age in
a subset of 1,032 older men who were enrolled in the Normative
Aging Study conducted by the U.S. Department of Veterans
Affairs. The authors concluded that men exposed to the highest
percentile of PM2:5 exposures were epigenetically older by about
half a year than their chronological age, which averaged 74.8
years.40

Study coauthor Andrea Baccarelli, chair of the Department of
Environmental Health Sciences at the Mailman School of Public
Health in New York, says that although half a year may not seem
like much, the effects are more consequential when they are ex-
trapolated to larger numbers of people. “The size of the effect is
about the same as the estimated impact that air pollution has on

With a better understanding of aging-related processes and influences, it may be possible to design interventions that support successful aging. These interven-
tions might include regulations that protect older adults against environmental exposures that younger people more readily tolerate. However, the heterogeneity
of the older population makes it difficult to ascribe specific risks to this age group. Image: © iStockphoto/vgajic.
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life expectancy at the population level,” he says. “It is a small
effect, but one that affects everyone, hence huge numbers of
deaths across the world.”

Investigators studying a German cohort of 1,799 older men
and women reached similar conclusions: In both sexes, higher
PM2:5 exposures were associated with an average increase in epi-
genetic age of about a third of a year.41 Both the U.S. and German
studies measured DNAm age in blood samples. However, accord-
ing to Horvath, additional information could be gained by meas-
uring methylation patterns in other tissues as well. For instance, he
speculates, patterns associated with dementia might be more evi-
dent in the brain.

Scientists still do not know how—or even whether—PM2:5
exposures actually alter methylation patterns. Horvath is now col-
laborating on rodent studies that could generate mechanistic
insights. Led by Amin Haghani, a PhD candidate at the University
of Southern California, investigators are exposing mice to ultrafine
particles. Horvath says, “Our data are suggestive that particles
might enter the brain, but we are not certain about that. Still, he
adds that the unpublished results point to widespreadDNAmethyl-
ation changes, neuroinflammation, and neurotoxic effects that
resemble some processes of Alzheimer’s disease.

Ascribing Risks
Could markers of biological aging factor into new regulatory
standards that better protect older adults? Staudinger describes
environmental research with biological markers as important,
“especially when they are combined with clinical diagnoses and
behavioral measures.” Horvath, meanwhile, says he’s recently
been funded by the National Institute on Aging to investigate
how epigenetic clocks might be used in clinical trials of interven-
tions to foster successful aging; however, he adds that for now,
“We’re nowhere near being able to use these tools for setting reg-
ulatory standards, although DNA methylation will hopefully be
useful for that purpose at some point in the future.”

The U.S. EPA’s Cascio was a panelist during a workshop on
aging and the environment held at the Society of Toxicology
2018 annual meeting. The workshop’s premise was that older
adults have unique susceptibilities to environmental toxicants
that haven’t been adequately addressed. Cascio says EPA offi-
cials recognize these susceptibilities, but he adds that the agency
is also grappling with the challenge of ascribing specific risks to
aging populations, which are highly heterogeneous. He says
frailty is an especially problematic descriptor for environmental
risk assessment, and EPA policy documents likewise state that
frail people “should not be considered separately from older,
healthier adults,” because the term itself is subject to “vague and
sometimes conflicting definitions.”42

Cascio pointed out that the EPA’s Sustainable and Healthy
Communities Research Program—and its Air and Energy Research
Program—are mindful of risk issues among older populations,
although the agency does not call out senior citizens specifically.
Susceptibilities of older people are “more integrated within our
research,” he adds, “but as we rewrite our strategic research plan,
this demographic changewill be a topic of discussion.”

Charles W. Schmidt, MS, an award-winning science writer from Portland, ME, writes
for Scientific American, Science, various Nature publications, and many other maga-
zines, research journals, and websites.

References
1. WHO (World Health Organization). 2018. Ageing and Health. http://www.who.

int/news-room/fact-sheets/detail/ageing-and-health [accessed 9 September
2019].

2. United Nations, Department of Economic and Social Affairs, Population
Division. 2019. World Population Prospects 2019: Highlights. https://population.

un.org/wpp/Publications/Files/WPP2019_Highlights.pdf [accessed 9 September
2019].

3. WHO. 2019. Projections of Mortality and Burden of Disease, 2004–2030. https://
www.who.int/healthinfo/global_burden_disease/projections2004/en/ [accessed
9 September 2019].

4. Stowe JD, Cooney TM. 2015. Examining Rowe and Kahn’s concept of suc-
cessful aging: importance of taking a life course perspective. Gerontologist
55(1):43–50, PMID: 24906516, https://doi.org/10.1093/geront/gnu055.

5. Rowe JW, Kahn RL. 1997. Successful aging. Gerontologist 37(4):430–440, PMID:
9279031, https://doi.org/10.1093/geront/37.4.433.

6. Cohen G, Gerber Y. 2017. Air pollution and successful aging: recent evidence
and new perspectives. Curr Environ Health Rep 4(1):1–11, PMID: 28101729,
https://doi.org/10.1007/s40572-017-0127-2.

7. Simoni M, Baldacci S, Maio S, Cerrai S, Sarno G, Viegi G. 2015. Adverse effects
of outdoor pollution in the elderly. J Thorac Dis 7(1):34–45, PMID: 25694816,
https://doi.org/10.3978/j.issn.2072-1439.2014.12.10.

8. Weuve J. 2014. Invited commentary: how exposure to air pollution may shape
dementia risk, and what epidemiology can say about it. Am J Epidemiol
180(4):367–371, PMID: 24966217, https://doi.org/10.1093/aje/kwu153.

9. Fougère B, Vellas B, Billet S, Martin PJ, Gallucci M, Cesari M. 2015. Air pollu-
tion modifies the association between successful and pathological aging
throughout the frailty condition. Ageing Res Rev 24:299–303, PMID: 26462883,
https://doi.org/10.1016/j.arr.2015.09.004.

10. Sorrentino JA, Sanoff HK, Sharpless NE. 2014. Defining the toxicology of aging.
Trends Mol Med 20(7):375–394, PMID: 24880613, https://doi.org/10.1016/j.
molmed.2014.04.004.

11. Carey IM, Anderson HR, Atkinson RW, Beevers SD, Cook DG, Strachan DP,
et al. 2018. Are noise and air pollution related to the incidence of dementia? A
cohort study in London, England. BMJ Open 8(9):e022404, PMID: 30206085,
https://doi.org/10.1136/bmjopen-2018-022404.

12. WHO. 2017. 10 Facts on Aging. https://www.who.int/features/factfiles/dementia/
en/ [accessed 9 September 2019].

13. WHO 2016. WHO Releases Country Estimates on Air Pollution Exposure and Health
Impact. https://www.who.int/en/news-room/detail/27-09-2016-who-releases-
country-estimates-on-air-pollution-exposure-and-health-impact [accessed 9
September 2019].

14. WHO. 2014. Global Health Estimates: Deaths by Cause, Age, Sex, and Country,
2000–2012. Geneva, Switzerland: World Health Organization.

15. Norman RE, Carpenter DO, Scott J, Brune MN, Sly PD. 2013. Environmental expo-
sures: an underrecognized contribution to noncommunicable diseases. Rev
Environ Health 28(1):59–65, PMID: 23612529, https://doi.org/10.1515/reveh-2012-0033.

16. Langa KM, Larson EB, Crimmins EM, Faul JD, Levine DA, Kabeto MU, et al.
2017. A comparison of the prevalence of dementia in the United States in 2000
and 2012. JAMA Intern Med 177(1):51–58, PMID: 27893041, https://doi.org/10.
1001/jamainternmed.2016.6807.

17. Zhang X, Chen X, Zhang X. 2018. The impact of exposure to air pollution on
cognitive performance. Proc Natl Acad Sci U S A 115(37):9193–9197, PMID:
30150383, https://doi.org/10.1073/pnas.1809474115.

18. Cacciottolo M, Wang X, Driscoll I, Woodward N, Saffari A, Reyes J, et al. 2017.
Particulate air pollutants, APOE alleles and their contributions to cognitive
impairment in older women and to amyloidogenesis in experimental models.
Transl Psychiatry 7(1):e1022, PMID: 28140404, https://doi.org/10.1038/tp.2016.280.

19. Liu C-C, Liu C-C, Kanekiyo T, Xu H, Bu G. 2013. Apolipoprotein E and Alzheimer
disease: risk, mechanisms and therapy. Nat Rev Neurol 9(2):106–118, PMID:
23296339, https://doi.org/10.1038/nrneurol.2012.263.

20. Global Coalition on Aging, McGraw Hill Financial Global Institute. 2016. Aging
and Urbanization: Principles for Creating Sustainable, Growth-Oriented and
Age-Friendly Cities. https://globalcoalitiononaging.com/wp-content/uploads/
2018/06/AgingUrbanization_115.pdf [accessed 9 September 2019].

21. Gobbens RJ, Luijkx KG, Wijnen-Sponselee MT, Schols JM. 2010. Toward a con-
ceptual definition of frail community dwelling older people. Nurs Outlook
58(2):76–86, PMID: 20362776, https://doi.org/10.1016/j.outlook.2009.09.005.

22. Buckinx F, Rolland Y, Reginster J-Y, Ricour C, Petermans J, Bruyère O. 2015.
Burden of frailty in the elderly population: perspectives for a public health
challenge. Arch Pub Health 73:19, PMID: 25866625, https://doi.org/10.1186/
s13690-015-0068-x.

23. Rockwood K, Song X, MacKnight C, Bergman H, Hogan DB, McDowell I. 2005.
A global clinical measure of fitness and frailty in elderly people. Can Med
Assoc J 173(5):489–495, PMID: 16129869, https://doi.org/10.1503/cmaj.050051.

24. Xue QL. 2011. The frailty syndrome: definition and natural history. Clin Geriatr
Med 27(1):1–15, PMID: 21093718, https://doi.org/10.1016/j.cger.2010.08.009.

25. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. 2013. Frailty in elderly peo-
ple. Lancet 382(9901):19–25, PMID: 23395245, https://doi.org/10.1016/S0140-6736
(12)62167-9.

26. Myers V, Broday DM, Steinberg DM, Yuval, Drory Y, Gerber Y. 2013. Exposure
to particulate air pollution and long-term incidence of frailty after myocardial

Environmental Health Perspectives 102001-6 127(10) October 2019

http://www.who.int/news-room/fact-sheets/detail/ageing-and-health
http://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://population.un.org/wpp/Publications/Files/WPP2019_Highlights.pdf
https://population.un.org/wpp/Publications/Files/WPP2019_Highlights.pdf
https://www.who.int/healthinfo/global_burden_disease/projections2004/en/
https://www.who.int/healthinfo/global_burden_disease/projections2004/en/
https://www.ncbi.nlm.nih.gov/pubmed/24906516
https://doi.org/10.1093/geront/gnu055
https://www.ncbi.nlm.nih.gov/pubmed/9279031
https://doi.org/10.1093/geront/37.4.433
https://www.ncbi.nlm.nih.gov/pubmed/28101729
https://doi.org/10.1007/s40572-017-0127-2
https://www.ncbi.nlm.nih.gov/pubmed/25694816
https://doi.org/10.3978/j.issn.2072-1439.2014.12.10
https://www.ncbi.nlm.nih.gov/pubmed/24966217
https://doi.org/10.1093/aje/kwu153
https://www.ncbi.nlm.nih.gov/pubmed/26462883
https://doi.org/10.1016/j.arr.2015.09.004
https://www.ncbi.nlm.nih.gov/pubmed/24880613
https://doi.org/10.1016/j.molmed.2014.04.004
https://doi.org/10.1016/j.molmed.2014.04.004
https://www.ncbi.nlm.nih.gov/pubmed/30206085
https://doi.org/10.1136/bmjopen-2018-022404
https://www.who.int/features/factfiles/dementia/en/
https://www.who.int/features/factfiles/dementia/en/
https://www.who.int/en/news-room/detail/27-09-2016-who-releases-country-estimates-on-air-pollution-exposure-and-health-impact
https://www.who.int/en/news-room/detail/27-09-2016-who-releases-country-estimates-on-air-pollution-exposure-and-health-impact
https://www.ncbi.nlm.nih.gov/pubmed/23612529
https://doi.org/10.1515/reveh-2012-0033
https://www.ncbi.nlm.nih.gov/pubmed/27893041
https://doi.org/10.1001/jamainternmed.2016.6807
https://doi.org/10.1001/jamainternmed.2016.6807
https://www.ncbi.nlm.nih.gov/pubmed/30150383
https://doi.org/10.1073/pnas.1809474115
https://www.ncbi.nlm.nih.gov/pubmed/28140404
https://doi.org/10.1038/tp.2016.280
https://www.ncbi.nlm.nih.gov/pubmed/23296339
https://doi.org/10.1038/nrneurol.2012.263
https://globalcoalitiononaging.com/wp-content/uploads/2018/06/AgingUrbanization_115.pdf
https://globalcoalitiononaging.com/wp-content/uploads/2018/06/AgingUrbanization_115.pdf
https://www.ncbi.nlm.nih.gov/pubmed/20362776
https://doi.org/10.1016/j.outlook.2009.09.005
https://www.ncbi.nlm.nih.gov/pubmed/25866625
https://doi.org/10.1186/s13690-015-0068-x
https://doi.org/10.1186/s13690-015-0068-x
https://www.ncbi.nlm.nih.gov/pubmed/16129869
https://doi.org/10.1503/cmaj.050051
https://www.ncbi.nlm.nih.gov/pubmed/21093718
https://doi.org/10.1016/j.cger.2010.08.009
https://www.ncbi.nlm.nih.gov/pubmed/23395245
https://doi.org/10.1016/S0140-6736(12)62167-9
https://doi.org/10.1016/S0140-6736(12)62167-9


infarction. Ann Epidemiol 23(7):395–400, PMID: 23790344, https://doi.org/10.
1016/j.annepidem.2013.05.001.

27. Myers V, Drory Y, Gerber Y. 2014. Clinical relevance of frailty trajectory post
myocardial infarction. Eur J Prev Cardiolog 21(6):758–766, PMID: 23027593,
https://doi.org/10.1177/2047487312462828.

28. Gerber Y, Myers V, Broday DM, Steinberg DM, Yuval, Koton S. 2014. Frailty sta-
tus modifies the association between air pollution and post-myocardial infarc-
tion mortality: a 20-year follow-up study. J Am Coll Cardiol 63(16):1698–1699,
PMID: 24530681, https://doi.org/10.1016/j.jacc.2014.01.026.

29. Eckel SP, Louis TA, Chaves PH, Fried LP, Margolis AH. 2012. Modification of
the association between ambient air pollution and lung function by frailty sta-
tus among older adults in the Cardiovascular Health Study. Am J Epidemiol
176(3):214–223, PMID: 22811494, https://doi.org/10.1093/aje/kws001.

30. García-Esquinas E, Navas-Acien A, Pérez-Gómez B, Rodríguez Artalejo F. 2015.
Association of lead and cadmium exposure with frailty in US older adults. Environ
Res 137:424–431, PMID: 25622281, https://doi.org/10.1016/j.envres.2015.01.013.

31. Basaraba S. 2019. Defining chronological and biological age. https://www.
verywellhealth.com/what-is-chronological-age-2223384 [accessed 9 September
2019]

32. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. 2013. The hall-
marks of aging. Cell 153(6):1194–1217, PMID: 23746838, https://doi.org/10.1016/j.
cell.2013.05.039.

33. Calado RT, Young NS. 2009. Telomere diseases. N Engl J Med 361(24):2353–
2363, https://doi.org/10.1056/NEJMra0903373.

34. Pieters N, Janssen BG, Dewitte H, Cox B, Cuypers A, Lefebvre W, et al. 2016.
Biomolecular markers within the core axis of aging and particulate air pollution
exposure in the elderly: a cross-sectional study. Environ Health Perspect
124(7):943–950, PMID: 26672058, https://doi.org/10.1289/ehp.1509728.

35. Horvath S. 2013. DNA methylation age of human tissues and cell types. Genome
Biol 14(3156): PMID: 24138928, https://doi.org/10.1186/gb-2013-14-10-r115.

36. Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, et al. 2019. DNA methyla-
tion GrimAge strongly predicts lifespan and healthspan. Aging 11(2):303–327,
PMID: 30669119, https://doi.org/10.18632/aging.101684.

37. Brietling LP, Saum K-U, Perna L, Schöttker B, Holleczek B, Brenner H. 2016.
Frailty is associated with the epigenetic clock but not with telomere length in a
German cohort. Clin Epigenetics 8(21): PMID: 26925173, https://doi.org/10.1186/
s13148-016-0186-5.

38. Chen BH, Marioni RE, Colicino E, Peters MJ, Ward-Caviness CK, Tsai PC, et al.
2016. DNA methylation-based measures of biological age: meta-analysis pre-
dicting time to death. Aging (Albany NY) 8(9):1844–1865, PMID: 27690265,
https://doi.org/10.18632/aging.101020.

39. Horvath S, Raj K. 2018. DNA methylation-based biomarkers and the epigenetic
clock theory of ageing. Nat Rev Genet 19(6):371–384, PMID: 29643443,
https://doi.org/10.1038/s41576-018-0004-3.

40. Nwanaji-Enwerem JC, Colicino E, Trevisi L, Kloog I, Just AC, Shen J, et al.
2016. Long-term ambient particle exposures and blood DNA methylation age:
findings from the VA Normative Aging Study. Environ Epigenet 2(2):dvw006,
PMID: 27453791, https://doi.org/10.1093/eep/dvw006.

41. Ward-Caviness CK, Nwanaji-Enwerem JC, Wolf K, Wahl S, Colicino E, Trevisi
L, et al. 2016. Long-term exposure to air pollution is associated with biological
aging. Oncotarget 7(46):74510–74525, PMID: 27793020, https://doi.org/10.18632/
oncotarget.12903.

42. U.S. Environmental Protection Agency. 2007. Summary Report of a Peer
Involvement Workshop on the Development of an Exposure Factors Handbook
for the Aging. EPA/600/R-07/061. http://ofmpub.epa.gov/eims/eimscomm.getfile?
p_download_id=467327 [accessed 9 September 2019].

Environmental Health Perspectives 102001-7 127(10) October 2019

https://www.ncbi.nlm.nih.gov/pubmed/23790344
https://doi.org/10.1016/j.annepidem.2013.05.001
https://doi.org/10.1016/j.annepidem.2013.05.001
https://www.ncbi.nlm.nih.gov/pubmed/23027593
https://doi.org/10.1177/2047487312462828
https://www.ncbi.nlm.nih.gov/pubmed/24530681
https://doi.org/10.1016/j.jacc.2014.01.026
https://www.ncbi.nlm.nih.gov/pubmed/22811494
https://doi.org/10.1093/aje/kws001
https://www.ncbi.nlm.nih.gov/pubmed/25622281
https://doi.org/10.1016/j.envres.2015.01.013
https://www.verywellhealth.com/what-is-chronological-age-2223384
https://www.verywellhealth.com/what-is-chronological-age-2223384
https://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1056/NEJMra0903373
https://www.ncbi.nlm.nih.gov/pubmed/26672058
https://doi.org/10.1289/ehp.1509728
https://www.ncbi.nlm.nih.gov/pubmed/24138928
https://doi.org/10.1186/gb-2013-14-10-r115
https://www.ncbi.nlm.nih.gov/pubmed/30669119
https://doi.org/10.18632/aging.101684
https://www.ncbi.nlm.nih.gov/pubmed/26925173
https://doi.org/10.1186/s13148-016-0186-5
https://doi.org/10.1186/s13148-016-0186-5
https://www.ncbi.nlm.nih.gov/pubmed/27690265
https://doi.org/10.18632/aging.101020
https://www.ncbi.nlm.nih.gov/pubmed/29643443
https://doi.org/10.1038/s41576-018-0004-3
https://www.ncbi.nlm.nih.gov/pubmed/27453791
https://doi.org/10.1093/eep/dvw006
https://www.ncbi.nlm.nih.gov/pubmed/27793020
https://doi.org/10.18632/oncotarget.12903
https://doi.org/10.18632/oncotarget.12903
http://ofmpub.epa.gov/eims/eimscomm.getfile?p_download_id=467327
http://ofmpub.epa.gov/eims/eimscomm.getfile?p_download_id=467327

	Environmental Factors in Successful Aging: The Potential Impact of Air Pollution
	Air Pollution and Dementia
	Air Pollution and Frailty
	Biological Aging
	Ascribing Risks
	References


